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The  inhibitory  effect  of  ionizing  radiation  on  the  antibody  response  has 
been  well  demonstrated  in  several  species  for a  variety of antigens  (1).  Yet 
little  is known regarding  the mechanisms  by which radiation  interferes  with 
the antibody response.  The relative importance  of the direct effects of radia- 
tion on those cells immediately involved in the antibody response and of the 
indirect effects resulting from alterations  of homeostasis during the postradia- 
tion period have not been determined. The antibody responses which regularly 
follow  the  transfer  of appropriately  stimulated  cells  to  x-radiated  recipients 
might  seem  to minimize  the  importance  of the  indirect  effects.  The  present 
studies were designed  to evaluate  the importance of these direct and indirect 
effects by observing the effects of in vitro x-radiation  of previously sensitized 
lymph node cells on their ability to make a  secondary immune response after 
subsequent transfer to either normal or previously irradiated recipient animals. 
This experimental  scheme allowed separation  of the direct effects of radiation 
of the isolated responding cells from the indirect effects of whole body radia- 
tion of the host. 
Materials and Methods 
Two-to-three  kilo  white  rabbits were used  as cell donors  and  recipients.  Donors  were 
immunized  by a  series of subcutaneous  and  intravenous  injections  of crystalline  bovine 
serum  albumin,  lot  R-370  295-B, Armour  (BSA), totalling  230  rag.  over  a  period  of  1 
month (2). Donors were sacrificed 3 weeks after the last  injectio~ when the rate of anti- 
body  production  was  relatively low  (3), mesenteric  and  popliteal  lymph  nodes  were 
removed  aseptically  and  cells were freed  by teasing  the  nodes. The cells were suspended 
in  cold  buffered PVP-macrose)  0-5°C.,  and  counts  of  the  total  number  of  cells and 
the number of viable cells as well as differential counts were performed as previously de- 
scribed (2). The cells were then x-radiated,  200 KVP and 15 MA with a filter of 1 mm. A1 
and 0.25 ram.  Cu. The dose rate was 100 r/minute as determined  by dosimeter reading in 
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a  paraflfn phantom. The cells were taken from an ice bath and radiated at room temper- 
ature  and  then  returned  to  the  bath.  After  x-radiation,  total,  viability,  and  differen- 
tial counts were repeated.  Then the cells were injected into the subcutaneous tissues and 
muscles of the anterior abdominal wails of recipient rabbits previously unexposed to BSA. 
Some of these recipients were normal and others had received 400 r  of whole body x-radi- 
ation 48 hours earlier. 
BSA, trace-labelled with I m  (I*BSA)  (4), was injected into the ear veins of  the recip- 
ients at the time of transfer of ceils.  The rate of elimination of antigen from the blood was 
followed  with techniques  reported  previously  (4).  Modified  quantitative precipitin  deter- 
TABLE I 
Experimental Frocedures--A 
Experiment No. 
131 
141 
147 
159 
184 
186 
207 
In sltro radiation of 
transferred cells 
Or 
400r 
1600 r 
Or 
200 r 
400r 
Or 
300 r 
600r 
Or 
100 r 
500 r 
No cells 
Or 
500 r 
Or 
500 r 
Or 
200 r 
Recipient~ 
Viable cells/  Mg. l* 
No.  recipient  X 108  BSA/recipient 
6.1 
5.5 
5.0 
6.8 
7.2 
6.5 
2.4 
2.2 
2.0 
2.0 
2.2 
2.0 
5.9 
5.5 
5.1 
5.0 
5.6 
5.2 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
1.8 
1.8 
1.9 
1.4 
1.3 
1.4 
1.4 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
All received 400 r whole body x-radiation 48 hours before cell transfer. 
minations (5)  were performed on sera obtained from recipients 3 to 4  days after the com- 
plete  elimination of  circulating  antigen,  when  antibody  concentrations in  the  sera  were 
maximal. 
EXPEI~ YM~ENTAL PROCEDURES 
A.  The first part of this study  was intended to determine the effects of different 
amounts  of in ~/tro x-radiation on the secondary antibody response of lymph node 
cells  transferred to the postradiation environment of recipients which had  received 
400 r  whole body x-radiation 48 hours earlier. In each experiment one control group 
of recipient rabbits received cells that had not been radiated and one or more groups 
received x-radiated cells. Further controls included x-radiated rabbits which received 1~.  J.  DIXON~ 3.  C.  ROBERTS~  AND  W.  O.  WEIGLE  419 
I*BSA only. Rates  of antigen  elimination  and  levels  of circulating antibody were 
determined  for all  recipients.  Table I  lists  the pertinent  data concerning these ex- 
periments.  Morphologic study of the effect of x-ray on these lymph node cells was 
based on smears made from the non-radiated cells and the radiated cells shortly after 
exposure to x-rays. Differential counts of 500 to 1000 cells were made on all smears. 
B.  The second phase of this study was designed to evaluate the direct effects  of 
in vitro radiation of the transferred cells alone in the suppression of the immune re- 
sponse made by the transferred  cells.  In each experiment one group of normal re- 
cipients  received  non-radiated  lymph  node  cells  while  a  second  group  of normal 
recipients received lymph node cells which had been exposed to 400 or 500 r in vitro, 
a  dose of radiation  sufficient to block the immune response of cells  transferred  to 
previously radiated recipients. Antigen elimination and concentrations of circulating 
TABLE II 
Experira~ah~l Procaturea'----B 
Experiment No. 
175 
185 
186 
194 
202 
Treatment of 
transferred cells 
0r 
400r 
Or 
500 r 
Or 
500 r 
Or 
500 r 
Or 
500 r 
No. 
Recipients (non-radiated) 
Viable cells/ 
recipient X 108 
4 
4 
4.9 
4.9 
4.5 
4.5 
5.0 
5.0 
5.0 
5.0 
Mg 1" 
BSA/recipient 
0.8 
0.8 
1.5 
i  1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
antibody were  determined  for all  recipients.  The  details  of these  experiments  are 
given in Table II. 
RESULTS 
A.  Table III lists  the immunologic data  obtained from the experiments in 
which cells exposed to various doses of x-radiation in vitro were transferred  to 
x-radiated  recipients.  Mter  transfer  of non-radiated,  control cells  to radiated 
recipients antigen was eliminated within 5  to 6 days and circulating antibody 
was detectable  in most recipients  3  to 4  days later.  When  100 or 200 r  were 
delivered  to the cells during transfer,  there was a  delay of 1 or 2 days in the 
immune elimination of antigen, as compared with elimination by non-radiated 
cells.  With  the  exception of one rabbit  in  the  100 r  group,  the antibody re- 
sponses of these cells receiving  100 to 200 r  were markedly depressed.  When 
300 r  were delivered  to the cells,  there were delays in antigen  elimination  in 
two of four recipients  of 2  to 3  days,  and no immune elimination  of antigen 420  EEFECTS  OF  X-RADIATION  ON  ANTIBODY-PRODUCING  CELLS 
was observed in the other two recipients.  Here again one rabbit gave an un- 
expectedly  high  antibody  response,  and  the  other  three  had  no  detectable 
circulating antibody. When 400 r were delivered to the cells, only two of eight 
recipients  showed  any immune  elimination,  and  these  were  delayed  2  to  3 
days. No circulating antibody was detectable in the 400 r  group. When 500 r 
or more were delivered  to  the  cells,  immune elimination of antigen was ob- 
served  in  only  1  of  25  recipients,  and  there  was  no  detectable  circulating 
TABLE III 
Immunologic Results'--A 
X-ray dose 
Or 
100 r 
200 r 
300 r 
400r 
500 r 
600r 
1600 r 
kntigen  without 
cells 
Day of disappearance of antigen after cell transfer* 
5 
16/33 
0/4 
o11o 
o14 
0/8 
0/17 
0/4 
0/4 
o/5 
6 
29/33 
2/4 
3/10 
o14 
0/8 
o/17 
0/4 
0/4 
0/5 
7 
30/33 
3/4 
7/10 
1/4 
1/8 
0/17 
0/4 
0/4 
0/5 
8 
31/33 
4/4 
9/lO 
2/4 
2/8 
1/17 
O/4 
0/4 
0/5 
9 
31/33 
9/10 
2/4 
2/8 
1/17 
0/4 
0/4 
0/5 
10 
12/33 
9/10 
2/4 
2/8 
1/17 
0/4 
0/4 
0/5 
Antibody response 
gg. Ab N/ml. serum:~ 
Range 0-29.2, aver- 
age 10.7 
Individual values 0, 
0,  0,  58.0§ 
Individual values, 0, 
0, 0, 0, 0, 0, 0, 0, 
0, 4 
Individual values 0, 
0, 0, 12.8§ 
None 
None 
None 
None 
None 
* Numerator, No. of recipients having eliminated antigen from blood. Denominator, total 
number of recipients in experimental group. 
Bleedings made 3 to 4 days after elimination of antigen--ttg. I*BSA  ppt. by I ml. serum 
at 80 per cent antigen precipitation ×  antibody N/antigen N ratio of 5.5 (5). 
§ No explanation is apparent for these two aberrant results. 
antibody.  As would be  expected,  the  rabbits  receiving  antigen  but  no  cells 
made no detectable response. 
Morphologic changes associated with in vitro x-radiation of the lymph node 
cells  were not apparent immediately after x-radiation but did develop within 
1 to 2 hours post radiation,  during which time the cells  were kept in an ice 
bath.  Counts of the  total  number  of cells,  the  per  cent of viable  cells,  and 
differential counts made on stained smears were the same immediately before 
and after radiation.  Differential  counts on smears of the radiated  cells made 
1 to 2 hours after radiation and of non-radiated cells smeared at the same time 
are recorded on Table IV. With 200 r  or more the number of cells  classifiable 1  ¢.  J.  DIXON,  J.  C.  ROBERTS,  AND  W.  O.  WEIGLE  421 
as small lymphs dropped appreciably with a concomitant rise in what appeared 
to be large lymphocytes and monocytes or macrophages.  In addition to the 
change in differential  count there was a moderate increase in the number of 
fragmented or unidentifiable cells not recorded  on Table IV. The total, via- 
TABLE  IV 
Di~erential Cell Counhs* 
X-ray dose 
Or 
100 r 
200 r 
300 r 
400r 
500 r 
600r 
1600r 
131 
141 
147 
159 
141 
147 
131 
141 
159 
147 
131 
Small  Large 
lymphocytes  lymphocytes 
70  17 
72  12 
69  16 
68  18 
49  31 
60  24 
48  23 
47  29 
53  24 
47  26 
47  24 
Plasma  Macr°aPnhages Myeloid 
cells  REce'~ls~:  cells 
11  1 
10  1 
8  1 
14  1 
12  1 
22  1 
18  1 
17  1 
22  0 
21  1 
Erythro- 
cytes 
* As per cent of ceils counted--all counts based on 500 to 1000 ceils. 
Includes monocytes, endothelial cells, "blast" forms, histiocytes, and large macrophages. 
TABLE  V 
Immunologic ge.sul~s--B 
Experiment  Treatment 
No.  of cells 
175  0 r 
400r 
185  0 r 
500 r 
186  0 r 
500 r 
194  0 r 
500 r 
202  0 r 
500 r 
Day of disappearance of antigen 
after cell transfer* 
2/5  4/5 
0/6  0/6 
3/4  4/4 
o/s  1/5 
0/8  6/8 
0/7  0/7 
0/6  3/6 
0/6  0/6 
0/6  0/6 
o/6  0/6 
7 
4/5 
2/6 
5/5 
8/8 
6/7 
5/6 
1/6 
5/6 
3/6 
5/5 
6/6 
6/6 
6/6 
6/6 
5/6 
9 
6/6 
Antibody response 
~g. Ab N/mL serum~ 
Range  Average 
4.4-24.8  16.0 
4.4-40.7  22.6 
2.2-29.7  16.0 
2.8-29.2  13.2 
3.3-60.5  23.1 
8.8-73.7  34.7 
0-27.0  9.4 
0-22.6  6.6 
0-6.1  3.3 
0-4.4  2.2 
* Numerator, No. of recipients having eliminated antigen from blood. Denominator, total 
number  of  recipients  in  experimental  group. 
:~ Bleedings made 3 to 4 days after elimination of antigen--/lg. I*BSA precipitate by 1 ml. 
serum at 80 per cent antigen precipitation X  antibody N/antigen N  ratio of 5.5 (5). 422  EFFECTS  OF  X-RADIATION  ON  ANTIBODY-PRODUCING  CELLS 
bility, and differential counts of the non-radiated cells were not significantly 
altered by being kept an additional 1 to 2 hours in an ice bath. 
B.  From the results in Table V it is obvious that the in vitro x-radiation of 
transferred lymph node cells did not by itself destroy the ability of these cells 
to make a secondary response in non-radiated recipients. 400 to 500 r given to 
lymph node cells in  vitro,  while sufficient to eliminate the response of these 
cells after their transfer to x-radiated recipients (Table III), had only a slight 
delaying effect (1  to  2 days)  on the response  of cells  transferred to normal 
recipients. When one compares the responses made by control and x-radiated 
cells  within each experiment shown on Table V,  there is little difference in 
the levels of circulating antibody. In three experiments antibody levels were'~ 
slightly higher with the transfer of non-radiated cells, and in two the antibody 
levels were higher with transferred x-radiated cells. The amount of antibody 
formed varied considerably from experiment to experiment, presumably de- 
pending upon the immunization of donors, etc., making comparison from one 
experiment to another less  reliable than comparisons between groups within 
a single experiment. 
DISCUSSION 
In the present experimental situation, neither the direct effects of x-radia- 
tion of the isolated antibody-producing cells  nor  the indirect effects of  the 
postradiafion state of the recipient alone produced a  significant inhibition of 
the antibody response. Rather, these two kinds of radiation injury appeared 
to be mutually necessary for the inhibition of the immune response. The man- 
ner in which the deleterious effects of in  vitro  x-radiation of the transferred 
cells were negated or reversed after transfer of the cells  to non-radiated re- 
cipients is not known. Since in vitro radiation of the antibody producing cells 
did delay the response  1 to 2 days, it might be that these cells were able to 
recover in the non-radiated environment from the effects of radiation within 
this period of time. Also it might be that the injury initiated by the in vitro 
radiation will progress only in an irradiated environment. The antibody re- 
sponses observed after transferring x-radiated cells  to non-radiated recipients 
were of a  secondary type as in the case of transfers of non-radiated cells  (2), 
indicating that  the  transferred cells  and not the recipient were making the 
responses. 
X-radiation of the recipient alone did not detectably inhibit the antibody 
responses made by non-radiated transferred cells.  In the present study, the 
responses of non-radiated cells in radiated recipients were approximately the 
same as the responses of non-radiated cells in non-radiated recipients. Others 
observing better responses from transferred cells in x-radiated recipients than 
in normal recipients have suggested that the transferred cells are not influenced 
by the physiological processes of the recipient (6).  While this might hold for 1~.  J.  DIXON,  J.  C.  ROBERTS,  AND  W.  O.  WEIGLE  423 
non-radiated transferred cells, it obviously does not hold for radiated trans- 
ferred cells which will respond  in normal but not in radiated recipients.  It is 
possible that radiation of the recipient has multiple effects which tend to can- 
cel each other out.  For  example,  as  is  usually assumed,  x-radiation of the 
recipient may minimize  an  immunological  rejection  of  transferred cells  by 
recipient,  thereby enhancing the response of the transferred cells. On the other 
hand, x-radiation of the recipient may also,  by virtue of the postradiation 
state, partially suppress  the immunologic response of transferred non-radiated 
cells. That the postradiation state of the recipient has some deleterious influ- 
ence  on the response  of transferred cells is  evident when radiated cells are 
transferred to radiated recipients.  These two opposing effects would tend to 
balance one  another and there might be relatively little difference  between 
the antibody responses seen in x-radiated and normal recipients of non-radiated 
ceils. 
Just how applicable  these observations  are to the inhibition of the immune 
response by x-radiation in intact animals remains to be determined. Consider- 
able  immunologic  evidence  indicates great similarity between the antibody 
responses of transferred cells and intact animals (2, 7). However, the secondary 
response  of lymphoid cells transferred to radiated recipients  is  considerably 
more radiosensitive  than is the secondary response of intact rabbits. While as 
little as 100 to 300 r in vitro markedly inhibits and 500 r completely suppresses 
the secondary response  of the transferred cells, 800  r  whole body radiation 
only partially suppresses the secondary response of intact rabbits (8). Whether 
the greater radiosensitivity of the transferred cells is merely the result of the 
manipulations and the trauma of transfer, or whether it is related to more 
basic differences is not certain. It is not unlikely that the trauma involved in 
the transfer of cells could account for this increased  radiosensitivity as sug- 
gested by Harris et  al.  who observed  that x-radiation of the recipient after 
cell transfer inhibited the antibody response  (6). On the other hand, the cells 
involved in the responses  in cell transfer experiments  and in intact animals 
might be  different.  For example,  in the previously immunized rabbit  there 
might be radioresistant cells other than lymphoid cells capable  of participat- 
ing in the secondary response; while in the transfer studies only radiosensitive 
lymphoid cells are available.  However this may be,  it seems likely that the 
direct and indirect effects of radiation as defined in this study influence the 
lymphoid tissue  of intact animals in much the same way that they influence 
the transferred cells. 
The morphologic  changes  seen  in  the x-radiated cells are  comparable  to 
those previously described by others (9). The lack of any change in the cells 
within 1 to 2 hours after 100 r  in  vitro  is in agreement with Trowell's  work 
(9 f). He found no morphologic  changes  in rabbit lymphocytes in less than 
five hours after 100 r in vitro. The appearance  of cellular changes within 1 to 424  EPFECTS  OF X-RADIATION  ON  ANTIBODY-PRODUCING  CELLS 
2 hours after 200 r  or more also repeats other observations (9).  The decrease 
in proportion of small lymphs and the increase in proportion of large lymphs 
and RE cells  in the 200  r  group could have resulted from two changes: (1) 
Some of the small lymphs may have been destroyed, as suggested by the in- 
crease  in  fragmented or  unidentifiable cells.  However,  the number  of such 
unidentiiiable cells could not account for the entire loss of small lymphocytes. 
(2)  Some of the small lymphocytes may have imbibed fluid after x-radiation 
and may then have been counted as large lymphocytes or macrophages. In 
any case, these morphologic changes were not associated with any irreversible 
alterations in the immunologic function of the cells,  since the cells  were ca- 
pable of undiminished antibody responses after transfer to normal recipients. 
CONCLUSIONS 
X-radiation appears to exert its inhibitory effect on the antibody response 
by two mutually dependent routes: (a) direct radiation injury to the antibody- 
producing lymphoid tissue, and (b)  indirect effects of altered homeostasis in 
the radiated host on antibody-producing tissues. Neither of these two effects 
alone produces significant inhibition of the secondary antibody response made 
by transferred lymphoid cells. However, 400  to 500 r administered in vitro to 
the transferred cells, plus 400 r  whole body x-radiation of  the recipient prior 
to transfer, completely inhibited the antibody response. 
The  authors  wish  to  acknowledge  the  invaluable  technical  assistance  of  Miss  Maria 
Deichmiller and  Mrs.  Mary  Bloom. 
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